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STUDY Of A SYSTB FUR KOLLO V/IHQ A L LICiilT P KCURBSS SCHKDULS 


ABSTRACT 

A schedule-following system for an airplane Is a servo¬ 
mechanism. By use of conventional design techniques the system can 
be mode to operate successfully up to the limits of the fixed part cf 
the system, which is the airplane itself and the navigation system. 

For a Lockheed Conntellation and an accurate ( 4 2$0 feet,! navigation 
system, the speed control can have a bandwidth of about 0.4 cycle ptr 
minute and a speed range of about ^ 15 percent of cruising speed, and 
the position can be controlled to within about ^ 500 feet. Winds and 
navigational noise are the main corrupting disturbances on the system. 
By oroper design of the control system, the effect of winds or. ground 
speed cAn be diminished almost to extinction as long as the required 
air soeed is within the range of the airplane engine. Navigation- 
system errors cannot be overcome by comoeneation. 

During initial approach, use of airbrakes to provide negative 
thrust and use of gravity to Drovide additional positive thrust can 
increase the incremental thrust range by a factor of four for a descent 
of 1 foot in 10. 
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STUDY OF A SYST3 i FOR FOLLOW IMG A FLIGHT PROGRESS SC1KEULF. 


1. IFTRODUGTICi: 


Automatic flight control is the process of automatically 
guiding e.n airplane along a prescribed neth in accordance with a 
prescribed time schedule. Loth the path rjid the schedule may be 
changed during flight. Flight control is exercieod through throttle, 
elevator, aileron, and rudder controls. Speed control is exerclstd 
through throttle control ar.d is used to keep the prescribed tine 
schedule. To a first approximation, schedule control can be thought 
of as independent of other controls; hence there is no 1ob3 in generality 
in assuming the path to be n straight line. 

The objective in the design of a speed-control eystera Is to 
cause a given airplane with a given navigation system to keep a schedule 
within a desired tolerance. The quality of the system performance is 
often expressed in terns of system bandwidth and limits of linear 
range, along with freedom of the system response from effects of corrupt¬ 
ing disturbances. The system bandwidth gives a measure of how fast 
the olane can be made to follow schedule changes; the limit of linear 
range gives a measure of the speed changes that can bo followed vith 
smooth operation. 

Assuming optimum co stroller design, the performance limits 
are set by two factors: (l) the response limitations of the airplane 
whicn are sot by the peak incremental Wrist available from the ergine 
to change the speed of the pi me, together with those parameters, such 
as inertia and drag, which determine the thrust necessary to changa 
speed, and (P) corrunting disturbances such as headwinds and navigation 
noise which cause an error in position or speed. Without optimum 
controller design the perform mce limits ere not obtained, liow nearly 
they are obtained is a measure of the quality of the design. 

As in any control system desigpi, the design data for a rpeed 
controller include: (l) description of tho dynamic characteristics 
of the output msmber (the aimlane), usually in terms of a trnnsfar 
function, (?) » statement of the limits of the linear rpjige of the 

output member (limits of thrust and speed range over which the air¬ 
plane s rceponaso ara dsscribnble by r». transfer function), (3) an 
accurate description of the corrupting dir.turbances whose affocts are 
to be minimi sad by good design. 

Tlds report emphasises design of the servo system for soaed 
control. Ecuations for the flight characteristics of an airplane have 
been taken from the appendix cf Summary Report 4. 
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1.1 A ssumptions made in the ina ly sis ■ 


In crier to slniolify the analysis, the following major 
assumptions are made. 

(1) The components of velocity, thrust, drag, and accelera¬ 
tion alone; the flight path effectively eaual the 
magnitudes of these vector cuantitiea. This is a good 
assumption because the an.les between these vectors and 
the flight path are small. 

( 2 ) Ousts, which disturb attitude momentarily but which do 
not last, have no long-term Importance and consequently 
have nc aptreciaDle effect on speed control. Attitude 
of the aircraft can be closely controlled ever, in the 
presence of corrupting effects of guot3 because attitude 
variables are sasy to measure and are directly controlled. 
Consequently no long-lftsting attitude disturbances exist. 
Usually path variations are associated with at least the 
first integral of an attitude variable, and path varia¬ 
tions do not result from attitude variations which do 

not xast for some time, in short, the plane is a low- 
pass filter, and it is not sensitive to gust3, which Ere 
high-frequency iiat^irbing signals. 

(5) The only winds of i:aportancc are neadvinds or tall winds, 
or the component» of cross winds along the path. Those 
coinjonentB normal to the path are corrected for by lateral 
pa'h control (by establishing a crab angle). The most 
Important wind to overcome is a high head wind or tail 
wind, because it exerts neak thrust along the oath. 

(**) Linearized analysis and incremental values should be 
used because 1 b a non-linear function of eoeed. 

J.ir.aar Apnroxlnations are acceptable as long as the range 
of increments is not large. 

1 .2 A pproximate characterization ol the thruet-speed relation for the 
aircraft. 


The relation between thruBt and displacement of the craft along 
tne oath is compactly described in terns of the block diagram shown in 

Figure la. 
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Since the mass of the aircraft i3 known, the acceleration can 
be related to unbalanced thrust, and ground steed io tho integral of 
the acceleration Oround speed plus wind gives airspeed, which deter¬ 
mines the drag. Distance travelled ie tho time integral of ground 
speed. The only complication In describing this system by transfer 
functions arises from tho non-linenrity in the drag-airspeed relation. 

A conventional approximation is applied in this instance. Incremental 
values of all the quantities can be approximately related by linear 
relationships Assume that the aircraft is flying nt ground speed v Q 
in still air with a thrust of F 0 and that the drag Just equals 1' 0 . 

These conditions are called quiescent conditions. An approximately 
linear relation exists between incremental drag end incremental air¬ 
speed. 


If 


F =■ die, at any airspeed /, then 

0 

F * / ) . since, drag varies ns the squrre of the speed, 

o 


A “ s 1 = *. - A*d 


and v = v r ^ v . 

o 




• I 


£>v - e , 



S ,ce the u. bal^nceu thrust \un«r quiescent condition*- Is 
?e»o, thi* 1» remental unbalanced thrust equals the total value. The 
incremental unbalancec thru t equal, tie hasb, m, ol the al remit times 
thi ratt ol change ol the ground so.-cri, which equals the rate ol chaise 
of lncremen’ ai ground speed. The olocV diagram ol Fig. la can be 
nortll iec to use incremental values, giving lb. 

e head-wind disturbance can oe relate^ to the resulting 
drag ana re' erred to the thrust summing -mint. It is then possible to 
find hov tho combined incremental engine thrust ana head-wind drag Is 
related to tins incremental ground speed Call the w&place transform of 
combined incremental engine thrust and head-wind drag F» and call the 
Laplace transform of Incremental ground speed V, The complex-frequency 
variable need in the Laplace transform le s 
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Then 2F 

(P - — V) = asY. 
o 

2 F q 

or F = moV + ^ V 

o 


< r—r-- —-)■ «/itn this relationship t,he 

1 "r nv. 

_i> 6 

2F 

feei^ao* io< ,, of V:^ur^ lc tea/ be raii.ated. ai d the ainplifled 
Mock iiagrr of y ‘lgure* lc r^e'aita- 

if p-aituii error we.-« tsed to ac'-uat* tha thrust control 
Wire c«.le.' t «• !>l*; -k J -i,crai >f th • <ve*all eystec could he repieeented 
1/ Pijfjre Cue reasfer fun ti. ' -he engine will be ae&umed ti be 
b constant K and o have no slue Actually this assumption is 

-ptiu;l 8 t;i. especially for jets, "!•*• 141m reaponsa is characterised 
by m transfc* function »f »t L-*st J tun lap. Tt. see whether the 
tn^lfl« licit .hf is lap-i"t*nt, caopar Me charatteristic time with the 
time Jiiost ent bv w of the airp.a-ie. F-r a h-engine propeller-driven 

plane, _ is 'f ti cider ?f 1 K, one*. 4 is ol the order of 3^0 F®at 

per sec >hd, acd anus Is ol toe >rlrr j! V >)0 slugs. The time constant 
jf th* ai/pl.v.a th-u i$ ab uc 1 . svtvMids 


V 0 
The ratio jj *» vjjr 


rfitl at '.1i.p1 I, .. o; • n,r^l system's feed-forward 


aevt.m has trai efer tun t »n w* 


H v 

V V 

r~ - K a.! 


-*v 


QV_ 

S<1 ♦ si 

o 


Call 


■*3?: 




v * h 


v» • ! - ,*c 411 h >i> of the 

. a. r ~ 

o c 

meonpHOSate: s/sl*s -f Hgiir- w 


vc: 


T 'V T * * 1 





The '.npln fyst<« ■» >' . v if is ve.y inadequate. By merely 
ctuat -i-i th< syste . (»n.o, it s ;»< ' 1 let uipiove the freqieaiy 

••harjH trr. cs of th* jyet«eu. W • .ov val'ie of K, the eyatw:. tins a 
■>V rat 'ft f •'i.er. < arrow <-n? dv • f It 1 0 Increased to increase 

1 .<• in’ w! it »• j; t, -r \e . ..I under-amped. One system 
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design objective should be to increase the bandwidth without decreas¬ 
ing the damping. There are three standard types of corponsaticn to 
echisve thin objective: (l) a matching lead controller, (~) airupeod 
feedback, (’’) ground-spaed feedback. 

If the objective of the use of compensation were only to 
modify the overall system frequency characteristics, all three tyres 
of compensation vould be equally useful In addition to modifying the 
frequency characteristics, it is important to minimize the effect of 
corrupting disturbances whose effects should be minimized are head 
,*i ids and corrupt lone from the non linear drag-spaed relation. Both 
airspace 1 eadbacV and ground speed feedback minimize corruptions from 
;h oon-iiiiear drag-eteed relation. If ideal ground sp?ed feedback 
were nv&il>o^e, it wr*lr be meet accfotable because directly it would 
aimti ?. ccrruoti-.-a* rom headwinds Ai speed feedback doe» not do this 
be it Coe: ’ t -oorati- ground-spaed and wind. 

"ftt 'ftthli lead • it roller i effectively a high-nans filter 
*• . r. .i< on.?.' the iott„ jon rol signal (>tgur* ?) It i9 

•». *l r'i-ct ry It. I t olecod a’. • spot on the loop where nil 

re, m ;y , o, tr $ t ii tr- fc . rge«. . 

•I .•» r. wh.- 4 .:e, t: a, 1 setweer. airspeed rind ground- 

,. to f"edba t. ; iJy ' •* .*1 • slroie way of measuring 

\ n. uw sr.M< . 1 :.» » l. ert.n • «• .ired indirectly by putting r. 

■•vitro ..-r l feel hack i< ,r. otair. au «•. 1 'rortir'f.te ’ derivati ve 

(.■ th»- >.>»i oti * ?v- ■ ’-‘Mr te no 1 qua is not 6a-J .factory because 

. 11 re . > n . ,r •mo 1 it >f hi.;n- re^ueu,... noise prruent in the r.avlgn- 

ig.ial 4i .lc 1 rente u ;i:io.i. ‘-.tn present equipment, Air¬ 
speed o■ ,$ o.'t oractjcal, an ;h. ugh it do* •- not mininize corrup 

m.-m 1 rr -vwi . 'irectiy, 1*. n *(.»• the oveml* ey°ter to be 
a’-r lliTod with a 1 loc" win Phc high gain reduesa corruption from 

’ v iu. rruotion ef:e 1 ;* a i h .-dvinds ir» diminished indirectly 
ty airspeed feedback. 

r .. overnl system v,t u at rape leedbac- .ompenent ion can be 
1 - -cd j 1 1. r> > Tht airen-^'! ; -edbark i :»• 1 ri-santad na 

-.round »pe»* feedb'-ct alus a corrup ir . ilgnai feouai to velocity. Th» 

• crrupting -.,yial >b .ettlv- :or n r » ac .1 no , negative Jrr a tailwind 

1 * ij ulble Co rr p ^ Sig n als . 

To eveiuatt :n*■ cloa'>n*t> o ' * ►ertule iollowing m ’Bible with 
h« sy 1 '.r. ihown »1 lire 7 and to rate oreper nmo-ctls* lr. further 
< Ion network Ignei nuaI apt to chr-rrcterize 

ali th’ os'jiut 1 rr t ir, fj 1 1 iit rt-sner s, thou,;: he charActeri’Atlon. 

■e.v t ii '** r/ ‘ t. / ^ur- * la i trhl< lie ing and esrrihing the irtortant 
••arpiptions appearing »n the ap-ed .ontrol system. 
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OVERALL SPEED CONTROL SYSTEM WITH AIRSPEED FEEDBACK. 
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CORRUPTION 

WKHK IT ARP KARS 

IN THE STSTEM (Fi,,. 3) 

SIGNIFICANT CHARACTERISTICS 

1 . ‘rag from headwind 

A thrust to oppose engine 
thrust 

Very low frequency. Indepen¬ 
dent of ail other conditions. 

Drag from headwind whose 
velocity is 20f> of v 0 would 
be greater than RC$ of 7 0 . 

P. Corruption from 
using airspeed as 
a measure of 
ground speed. 

At the airspeed measur¬ 
ing device. 

Very lov frequency. In¬ 
dependent of ell conditions 
except.wind. A headwind 
of 20 $ of v 0 would intro¬ 
duce a negative corrupting 
signal at the nlrsueed 
measuring device of PC# of 
v 0 . 

3 . Corruption from 
ua gation data 
which treasures 
posit iou. 

fU error measuring 
device 

Any components cf high fre¬ 
quency con be filtered oat 
before the signal is fed 
back without important lag 3 
in the position data. Rack 
of resolution ir. the naviga¬ 
tion system 16 very, 
objectionable and limits the 
overall system 

4 - Co rrupt 1 ng s Ignel 

m lrag resulting 
iron 00 n-linear 
drag'speed relation 

. ... -. 

A tnrust to aid with 
or subtract from engine 
thrust. 

Associated with airspeed. 

Hover over 5 percent of 
quiescent thrust If airspeed 
stays within ?($ of quiescent 
value. Airspeed feedback 
decreases the effect of this 
corruption. 


Figure 4. fable 0 / Corruptions. 


The evaluation of the effect on the first three corruntlon 3 
*lsted is very simple hecause they can nil be referred to the input of 
ey«tern directly- There they can nil to OT&lUAied on the 'oasis of an 
equivalent error in the scheduled position ns shown in Figure 5 
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CORRUPTIONS 1,2, AND 3 REFERRED TO THE INPUT. 
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Clearly, increasing gains K and decreases tie effect on 
the si{ 7 ial frcm corruption 1. Increasing K, dec: eaGOo the effoct or 
the signal from corruption 2, Nothing oex. diminish effect on the 
ei^ial from corruption 3 because corruption 3 id alweyc compared 
directly with the scheduled position. This fact demonstrates the 
truth of the statement that a servo syoteo cannot control a variable 
acre accurately than it can be measured. 

If the frequency chirnctoristira of the corrupting signals 
are different froi. characteristics of thi scneuuied position, which in 
the true input, corrective networks can Vo usee which nlnimire tho out¬ 
put from these corruptions while not disturbing the faithfulness of 
the response to the scheduled position innut. At this tine not enough 
data on the nature of the corruptions is Available for such elaborate 
design. Corrupting signal U is a pro>orttonal-type corruption the 
effects of which can be minimised by increasing thr loop gain. Both 
airsneed feedback and nosition feedbock ere helpful in this regnre. 

i li l inear range. 

The djscuseior. of corruptioi given above i 3 valid only when 
the system is operating in the linear range. If a giv<;n collection of 
inputs calls for a higher thrust than thi engine eon orovide, then the 
linear representation orovieed hy this simple analysis is no longer 
accurate. The limits of linear range of ’.he system must be described 
In order to establish limits to closeness of following. 

Th« quantity In the system witch will Be limited by saturation 
is engine thrust, reak- engine thrust cannot exceed the auiescent value 
by more than about T 0 ji. 1 ’nglna thrust can be cut to *rro but can't be 
mac.»» negative The limitation in engine thrust limits the sneed range, 
th« acceleration range, and the range of winds which can be corrected 
* i . . the ootltiolUkl feed-back. 


? DH513K IT A SfiSD CCETROl, SYTTU' TO ?'>:'rr sraCIMC OBJECTIVES . 

To obtain an adequate oicture of the design procedure used to 
iak» the system both insensitive to corruptions and rapid in response 
to schedule changes, specific prcblea* will be di«cu«sed. Though exact 
data are not available for a thoroughgoing design, the following simple 
examples are given to indicate hew the information of Section 1 can be 
apillad in specific design oroblrms. 
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2,] allowable ach'idxtl • /a flattens 

• ■ ■■ ■■ ■■■■■■■ ■ ■■—■»»»■ — — ' ■ 

la this soction It is a Burned that there is no head v;Lad, 
no navigation error, end no corruption from non-linear effactc of drag. 
Effectively the question ached of the designer here ir» wha'; sort of 
syutarn function will give e.c cap table rarponsor taui what sort -of schedule 
change can he followed by tho aircraft when saturation is the only 
limitation. To answer this question, ‘10 nuBt find the allowable system 
bandwidth and the linear range 

Ag is usually true when i system has limited output thrust, 
an lnc."*ase i.n bandwidth means a reduction of linear range, and an 
increau in linear range ce.i be c btaluec, only by decreasing bandwidto or 
by increasing the available thrutt, 

The greatest allowable bandwidth whioh can b-? used in the 
uveral. aye lea functions ca t bo • educri from a etudy of the limits of 
the ou put member ■'the aircraft) The relation between the incremental 
engine thrust and the output displacement as p function of frequency 1 b 
given >y ttq, i 


’o J 1 ©c 

i‘r' l + r'al # * F ’ 

o 


U) 


o 

where j • it. ..ie rat>o j t. vi-ct-er r«presenting incremental position 
to the vector . coreRenting irerenental engine thrust for nteady- state 
operation a*, 'implex frequen y e 

- r 0 

■ a and gjr- ore corstante of the airplane described in section 1.2, 
0 U ie measured in ieec; F is measured in pounds- 


F>r elnueoldn steady 3» a'° motion at frequency f cyclea per 
second or l" ** 2?Tf radiate p->r second, b will be canal to j ul where .j 
i* tha imaginary operator Th** pence p seconds, trl wuch a sinusoid 
Ib defined by Eq, 2- 


P 




l2) 


Utiug U.e const ants for the Lockheed Constellation, e typical b engined 
transport plane one can re..ate t hr* amplitude of the sinusoidal output 
to the period .-f the alnua'.d whin the incremental thrust e fixed at a 
peak value of 0 37 , 



( 3 ) 








1 


APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 


&<>73 

Koport ^-jlSU. * 


The eu» v>i of nintiBoldol ov.tr.it r.i a lu x'ion of frrciucricy for saturation 
tiu aet is plot iri xo j? 1 , v : =i b. 

Tlio response of the ay at on »’ the. ■ ctual position of the nir- 
crni't) to Input scheduled. njiticm in lenrured by the rovi^ntlon nyaten.. 
Tlio accuracy cf wilt navies' Lon ay nt-cirri it no butter than ^ ?.^Q feet. 

From Yi jure (« it ie evident that aat\ cation throat canot ororiuco thlB 
rogpons a for r.i.-ria - wn ?< i.jrSort 1? a••• than 1?0 seconds. Cor.acnuont iy, 
It ie u iwii.o to nave a -yft im banrtvlc >J- of jreater than the order of 

;/130 1 ’ca« ,.tr second uni i one hr- '.vr,! mbit iiore Betumtion throat. 

Tni3 li in,.' beenur-- at fr-» mencies {vvater thnn l/ltJ cycle per second 
•he perc art r <. aw o'. b® .-cte-1 by *.nc nirl^ntlon systems- Whether 
it, ; 'bir to «: c n hr -,v.width m ;r®rt it l/l?0 cycle per second or 
not de- fna* upon the .mr J.1t- of thf i 'vi.-.fi.ion dr>tc. ? u cn'Tacterize 
tno in' i ;■ >t.< ();• n ’.--.•rtnlnt;- fro .f ^ PJT feet in a very 

> .o-.xncl c/r’r ct* r* •! <ri. 1 ■ -c-’, tJ.r inert .-lath it b used t- the 

••atnpi* which folio- i 0 aUiiut *<?r ? : ;ond, e very cons- rvptive 
• .’me. it', ora irnot l r ■i.v t.lm, < • the jhcreoterlfcticn of navi^a- 
'..l dr-a., Ues lov. • *• *v> tl . If l,'n ( .r.o jy«»te: wiuin be o roper. 


-. i n uni i j i miter -ai.«»-? f •!,. ro b, the ar.turatiou 

i- ilti « f sell ire. .irtici to the scunrv of the oeriod. 

u n r, ; (, '•.•flu.* o.i .ft- n^lli y *o rr.p iHctc,r, K, will reduce 

r.- oorrfrM . j .•••-.«» . ii> /* c incr-*/* >e U ' c rrosponciing fee- 

Improved by n factor •' : 

reotj f the or. <:tical 

. i»ic. ; 1 which tic ?> nr rrnulc Pf diil^ncd would increase by a 


•ctoi 


r or. 


y a 


t. tan. whlti w»> used a fcynicnl aircraft, 

he sat traitor, speed . . , »ntei ttu cruising aocea, 

>11 tm ’"t /ti-n 11 :-x t ; si ut 'C core‘ it ^re»>ti r than tf.r thnist 

. cru! if'., ore»o. c ■ .*e-. nn a-? -ro r-.r.ate :y trvt fnr nil conv^n- 

,i ra. jnrrt ’i ti".* r nr t >nt tie soclntrr vltn change 

tne- It f orV .nn to .«• ;ia«' t • r»t« me cniipl-rj: sor ed .llvltied 

the nil ii,; thrust t a ’o*ry *cit/x ' airolsra. the vaiue otTk 

: ■ i - • r..*r i ..f* toe cv '• n 

b, anr. f a * •■! u.*v« our can rou,• o*n.i>t-reeny eneuere re 

h..v '»ot echft'h.lf* • a h.*..i < {e 4 . For ••rimple, •• slnUBo'aal VErip- 
• i ' ol ICl dulo i '■ ',i it v - 1 nil- would nave p minimum period of 

io a 79O i econo a li fi ■ -1 Li ■ | - aantal position oral 4 

.'oi * 'sii« tol'l- if to :i . sh«*ed, a rlioun In Pleu"c J. 
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INCREMENTAL SPEED CHANGES WHICH CAN BE 
MADE AT THE BOUNDARY OF THE SPEED- 
LIMITED RANGE 
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A period of f'jO 3 -con.in i? roughly the bouidary of thr npu'd- 

1 imited range for aircraft aivin gTa* 3 the order of 7'3 seconds, -id 

it Is not feasible to attempt to change the schedule In less then ^75 
seconds becauuo too large h fraction of thi? time wouid be srent in 
accelerating the naee lather than in operating at full speed. For 
periods longer than 75^ seconds the amount of schedule chnnge which can 
be followed is found by multiplying .15v 0 tines the time allowed. The 
amtumptlor. involved in this procedure is that the' tins needed to accsler- 
at.e to full speed is a negligible fraction of the total time used for 
the soh dula change. 

rank engine oerformance has oeen used to (select two frequencies: 
(i to upper frequency limit of thr system bandvidti, and (2) the 

seat frequency at which It voulii J>* vase to schedule a large-amplitude 
oacilUtion if th«* maximum molitude limit were to be sot by the ton speed 
0 ? .ne urcraft rather than by its rank acceleration. The bandwidth of 
about C.OP radian per seco/i corre.spo ids roughly to t frequency above 
whj ch tof. engine cannot. produce n change in position great enough to be 
measured satisfactorily by the navigation svetec. 

The shortest period of large-amplitude oscillation which it 
would to reasonable to echo'.'ulo Is 76<> seconds. The value 7*if> snmnd. 

1b significant beunuso it is the boundary of the s^esd-limited range 
(Figure 6). Suppose the schedule cor ..istod of nr. oscillatioi of period 
i' superocsert on a constant-spsed schedule. For values of t greater 
than 7t^ seconds, the saturation a/.j i i tudo* of this ssciLlntlon would 
be oroportlonni to 1’. For mtuea ol j ieB3 than 7^0, the amplitudes 
wouIg be reduced more than proTortionniely because too much of the 
engine lower would be used ..n accelerating sad decel?rating the mass of 
the plane rather than in overcoming crag. 

The two frequencies have significance in tarns of the way 
eneh tit scribe* the plane's dynamic behavior. Since too system oandwidth 
uf ovo; radian per second corresur.m.T to ueriodj, of approximately *CQ 
secondr and characteristic times in the order oi 10C necorids, saall- 
amplitude transient disturbances will die out in the order of 100 
seconds, though the system would net- have power enough to make it vi6e 
to schedule large-amplitude incremental position changes of poriod less 
than 7t-0 seconds. 

0 ? De sign tc minimize corruption u i the s chedule b y heart winds . 

Aside from establishing the typos of schedule changes which 
cm be followed In the absence of ccrmntions, one must da si, pi the 
eve tom so thnt It is as independent ar possible of the corruptions which 
are always present In some degree. 
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The ey;itera uhould be kept relatively free of corruption 'rc.n 
neadv/inde. Effectively, i headwind results in the two corruptions f 
the eystero perfc nuance shown in Figure 5 ns corruption 1 (headwind drug) 
and corruption Z y error from using airspeed as a measure of ground 
■peed). Both these corruptions are referred to the input, where they 
act eg if they were erroneous schedule data. In Figure 5 there are no 
filters or elements with frequency-dependant behavior between the error 
and the actual implication of the corrupting signal and as a resi.lt it 
io very simple to refer the corruptions to the input, 

2,2 i Minimi; ;i n^ corru; i t ion on the sya'.ea of Figure ^ 

In tiie simply designed system of Figure 5 the size of 
corruption 1 wan decrease., by increasing !. and Kg. Only K- reduces 
rorruption 2 . Increasing k, and K„ to a reasonable point ie useful, 
in any case, Jt is unnecessary to attempt to decrease the size of 
corruptions 1 aid 2 far below the sj.zb of corruption 3 (errors in 
navigation system), 

-in the previous r.ection, the bandwidth was set by the 
limitations of /.ircraft acceleration and navigation system accuracy,. 
Unless a more complicated system of corrective networks then that of 
Figure 3 and Figure 5 * B uBed, the selection of the bandwidth and 
d,imping defines the valuer, of Kj and h^. 

Let us now see how bad corruption will be with the and K, 
given by bandwidth and damping requirements. First the size of and 
Kj must be calculated- Tim system function of the system of Figure } and 
Figure 5 ie» 



i 


1 




2 

s 



where 



ratio of Laplace transform of incremental output position 


to tho transform of the incremental input scheduled position 
s * the complex variable frequency in the transform domain. 

X, = gain of the listen connecting position error to the opeod 
feedback summing point. 


Tb 


Ta 


+ 2F~ 
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lnvr ve&, f simplified sot of nodi cations of th-i sy«ten denial -ill 
i>e -nde with the vurposc of x-educi g tho corruption? without Impairing 
the oyster rcspnnge. The objects of tlie system design is to na.ntnin 
(1) tno bnucvldth of the overall s ::tom at about 0 02 rp.dlr.n por •? ind, 
(?) n high looo gain, ( 3 ) good der ing, and, at the same tine, to 
reduce the corruption dxir to head Inc’s In the discussion which folio w.s 
the resign is carried out niorc or ns' step-by-stop. Kf r ectivaly tho 
problem ie to redcice the corruotlo- of the schedule by head winds wlth- 
out Aversely affecting the overnl system responses. 

The two corrupting disturbances resulting from wind are 
corruption 1 and ?. By putting filters in the system sc that the cor 
motions referred to tho Input are minimized without changing 
appreciably the overall ey stem function. It Is possible to make the 
system much better. Because the « rcraft is essentially a low pass 
filter, the reduction of low-frequ ncy corruptions Is more important 
than the reduction of high frequency corruptions. 

The size of corruption 2 referred to the input i3 reduced by 
putting a high-pass filter nfter t e airspeed measuring device to cut 
down the low-frequency components -f the corrunt 4 rg signals. The low- 
frequency components of the ground fpeeo, which are also attenuated by 
th" Miter, are not needed tc ad.fu?t the overall nystetn freouency 
re in.: use an2 damping. 

A high-pass filter in tni: air-epeed feedback channel reduces 
the iow-frecuancy components of cormnticn 2 without disturbing the 
nigh frequency stabilizing signals 


Inside the alr-upe-sd loop* Figure 3 , the transfer function ie 



Tri 


a a 


With the integration 1-) cascaded* the phase shift of the overall feed^ u 
forward section at frequencies greater than U3- —1 la greater than 135 , 
and ncrearing the gain reduces the overall syBteu damping as indicated 
by a sharp peak in the system response to high frequencies. Use cf 
ground-speed feedback modifies tftis system function to make the new 


frequency cf 135 ° phase ahift 


■r 


The effective bandwidth of the 


feec. forward section would not be hanged by inserting in the feedback 
loop a high- pass filter with a gain of 1 for frequencies of and 
higher* but with much leas gain at lover frequencies- A suitable filter 

would be one with a transfer function ' 

The new inner loop now has the configuration shown in Figure 
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A 


v c K ? 


1 


Wo.— 

Isl? 

?Tc 


'. 6 ) 


The eolation of the characteristic equation of the «yste: 
gives roots ai 

s =• aXjT- 

c. b — ’ 

The bandwidth of the svst.en fixes T> For a bandwidth of 0 02 
radian per second the volte of the frequency at which the rteoor.oe 

is half the -/.ilur at rrrr. frequency, -*hould hr net at about 0 . 0 ?. The 
quantity 27 b xs fixed at ^>0 secoadR by this procfduro. For a woli 
damped system, the damping ratio, 4 ^ cF^» ehoulc. be set at 1..0. 


if v 

4 <b 8 K 1 B l » 

(7) 

From the bandwidth setting. 

To - 

(s) 

From Fq. 5> 

X ? *= 80. 

(9) 

Frcn Kq. G, 

a «* 2/3- 

110) 

From Kq 7» 

K. « _2_. . 

(11) 

1 200 



Using these values of and Kg, the corrupilon of the iaout resulting 
from a steady headwind of .10 v 0 !■: 


Corruption 1 (FI'. •)) ** 

Corruption 2 (Fig. *)) “ 

jissent lolly, the He flutes Indicate that p steady headwind of 
.10 percent of cruising speed would result in the olane's being about 3500 
feet behind schedule in the steady state, iloth these corruptions aro 
largo because the dynamic characteristics of the sy«tem were chosen to 
orovide adequate camping but with no attention to reducing the effective 
corruption. 


?F„ 

KiKp 


C.l 


2* 7000 

TjPQO'ZO 


1167 ft. 


*1 


37? 


- ?333 ft. 


? ?1 Selection of new corrective netwerkn to reduce the effect of 
hea d wind withou t spoili ng c'y naalc response of the system 

A more careful design would be completely carried out only 
after detailed description 01 the corruotior.s. To indicate the procedures 
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FIG 8 

ADDITION OF A HIGH PASS FILTER TO THE INNER LOOP OF FIG.3 
TO DIMINISH EFFECT OF CORRUPTION FROM HEADWINDS. 


i J 
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Tin 'jize of car. lie increase.! fco diminish further the 
elite of corruptica 2 nnd also to i r.inish the effect of corruption X. 

Ib; waver, lncr i* nin f ; over all frequencies decreased the eyotoo. dcEp- 
in £ .. hb was ui'cuPEod earlier, Increasing ut loi. frequencies onlj 
doei not offset the system damping. Hence the inoertion of a low-pans 
filter aa shove in Figaro ) will incrorse the gain at low frequencies 
without increasing it at high frequencies. 

Meitner tut algh-pass filter In the airspeed feedback loop 
ucf Che low-pass filter in the overall feedforward suction will reduce 
corruption from hlgh-f renuincy wind changes. This fact is not n short¬ 
coming* because though the schedule la corrupted by thesn high-freoucncy 
dletu-'bancoa the sy et e n h a 1 width i.e not wide enough '-c nllov the 
actual output poBition to o great .'.y corruotad An overall system with 
Its effective corruptloriR given Jo terms of th«lr Lnplnco trnnrfornn 
la Bhr.-wii in Figure 9 * 

The overell ayr t‘r oi Figure 3 has a very sinnla low-pass 
f.Iter niter the error det'etor. If used n s it now stands, the system 
woum o« sol ewhat underdam >ed. This underdnnping enn be modified by 
proner ccirransatlng networks. To carry out thrse details is net 
necessary or feasible now. Exnct syitnm transfer functions of the air¬ 
craft are not available, and the or* ~oi ■ **• cr-.rrird this far merely to 
indicate that the proebdur-; descrlber. is workable. 

Surnariling, the study described above indicates that the 
follovUng results can be obtained in the design of s speed control 
syst em of a typical U-ongined transport plane with a cruising speed of 
3t>C feet per lecond (?b0 ra.les per hour): 

1 The overall system bandwidth can be mode to be ebout 0.02 
radians per iccond (about 0.4 cycle per minute). 

2. The nAin corruptions which affect the system schedule 
adversely am-. 

(a) A schedule corruption >f abuut + 2^0 fott error from 
navigation noise. 

(b) A corruption from the use of airspeed feedback in the 
presence of winds, which in the steady state would 
corrupt th« schedule by a number of feet annroxlmrttely 
equal to the velocity of tht head winds in miles por 
hour. (A 6o* mph head wind would result in a corrup¬ 
tion of this type ol about 60 feet.' 
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IMPROVED OVERALL SYSTEM DESIGNED TO REDUCE CORRUPTION 
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(o' A a cl edu.\ 2 corruption fioc crag from herd vinde. 

Wit:i see lj h nc vim' n Cor tall vir.ds) this cor¬ 
ruption in feet us 5 tlrcaa the wind velocity ir. 
olios per hour. 

We see that building corrective networks specifically to 
reduce corruption from steady wiras ■••.llows reduction of these corruptions 
by r factor of 10. ?a t chaises in head winds (gusts) are net usually 
important because they do not cornu into frequency ranges in which the 
overall system bandwidth ( 0 . 0 ? radians per 3 eccnd) allows substantial 
outpu respor.se t.o the corruptions. It is possible lor tranuient 
corruptions to bn 10 tire? as groat as the steady-state values. Ev-jn 
then, wann the system is operating in its linear rar. -c, actiir-1 transient 
position errors of 1000 feet would ho extremely rare. 

The values presented above are valid only .'hen the system is 
operating in its linear rang a; i.o., on\y when the engine car. produce 
the thrust called for by the control system >'or he id winds greater 
than about 13 percent of cruising speed the engine can not produce 
enough additional thrust tc* overcome the increasod drng, end the plane 
will >a blow, off schedule. 

Z 1 Clc senoBs to whi ch a sc edul n can be maintained during ln. it! 11 

am roach . 

Tier© i.TP. three iroortant factors which distinguish initial 
approach procedures fror. inter-airport fl.ght: 

(l) fast change in altitude results In fuit. changes in wind 
velocity. 

(r) If the schedule position chosen when the control syatea 
is tureen on results in a large initial error there .-nay 
net be time enough to correct the error during the entire 
initial aoproach. 

(3) [he use of air brakes makes possible the extension of the 
available incremental thrust by about a factor of 3 or 4 . 

/actor* 1 an. ? indicate tont conditions peculiar to initial 
Aporoacn make it desirable to hAvn increased linear range of the control 
system durlr. 0 initial nt munch to insure that n schedule can be kept. 

/actor J indicates that air brakes are a practical naans for 
Increasing the linear range. Unfortunately brakes can be used only for 
producing negative thrust, Ugh positive thrust is available during 
descent because of the con.pcnent cf gravitational pull along the approach 
path- Brakes ena be used to get positive increnentrl thrust by applying 
them steadily during descent and by removing them when a p »itive increment 
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1r colled for, Reports on experimental work on air brakes Indicate 
that unf? of brakes at hi cosed can produ.ce a negative thrust about 
equal to who volfrt of the aircraft-. 


frobably descent. Bp cede can b? contrail ad readily over a 
■fli-i.e of 0, 1 to 1 i v } . :.f the average approach speed lo chotion 

m ' v , tli«i incr-.i ea’.cf Unit >f speed is 0-33 v.,« The incremental 
.irvit oaj> rmigily f >1 e loecent nl >pe of 1 to 10 

In older . th? negative incremental thrust of I q . there 

nal bn a iiteacy- . positive thrust of . At * negative Incremental 
thrust o' F tie eau.'-tftnt tbrvst wet be zero, or trie gravitational 
pull uuat h''- oppoend \j- brakes. 


fiie lnj.iav'0. - > ill br.*k*B j- d .cl Je lly ; on-linear* and any 
ill'-, il ■•! iji EJialy. s ' • -hr United information wo now have la 
I'rult.leae lc In qu.t" --nbablo that itriuil linearizing roeultu of 

i{ ivcul 1 be of ect s i in making the overall tyBtem more nearly 
ljntar. For the disaisu on hero It > i> aa Aimed that application of 
■Urtrikee is ueab.le on ;1 •' arunc control s/s tea uo c for lev 9l flight, 
ohd tint it can Incrrnse the linear rfu/u by a fador of four. 


* 1 overall e/nt.*, ri>.»poia<<« i'.«re n character!atic time In 
the u*dsr * '.00 seoon.ui «.i .oi< as uu systsc operates in its linear 
raago. Comparison >' Mu- un reach systam vlth rju ayat-n of Figure $ 
and i' .'uri l ihuvo t.:«t . aepr. ich .i c.l a ige fron « mica hrfiind 

schedule to hallos ah*-ac :ould be brough . about n b minutes. Hoad- 
Kindt; (or tai wlndo.' of 0 y \ r-uld not bl rw the olane off schsdulo. 
‘‘roio the system In Figure ). it. can be shown that a positional error 
1 u ‘.hex. TOO feet will all for full incremental correcting torque. 


the possibility .f ub.ii/; air hr.ikea ns a raoanp of increasing 
1 m-ai range of .he uy-it**m a striking. However, the use of air 
•rakes during descan . requires a steeper ingle of descent, and 
• MSi-Tuently » longer ‘'light b. fore descent is sta'ted- This will require 
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some adtf itloDj'l fuel con,Aimpi'itm (It Lb general". 7 true .t; control 
systeal 3 fiat additional ’.'.near rangfi reoulroa addition?1 pover.) Tno 
additional fui-1 uonuujsed mat >e vnifjited ifldMt -lie luei (and tima) 
midi weald be axpati isd la a 4<»'. Hag pattern \ f precise scheduling 
were not poos: tie 


: &u A 1. 


Appro/- ! iy- 


Dr. linrill _ 

_JL _ 

’ nj V V-rrfS* •' 


b.lm 


0rawi.agc.- 

A-4I3C93 
A. 45094 
A-45C95 
A-4509& 
A-*19097 
zU 45036 
A-45C99 
A-451 CO 








